ABSTRACT
Introduction
= − ( + ) (1) 48 in which the terms , and are the respective air/water, air/oil and oil/water tensions.
49
For highly-purified oils, equilibrium values are  20-25 mN/m and  45-50 mN/m, 50 such that SOW is small, in the approximate range -2 to +8 mN/m, which represents a poor 51 spreading condition. On the other hand, the presence of surface-active species in the oil phase 52 causes a reduction in , which according to eq. 1 leads to an increase in SOW, thereby 53 increasing the propensity for spreading. Thus, as Harkins deduced, for > 0, the oil phase 54 spreads spontaneously until the water surface is covered, whereas if < 0, the oil forms a 55 liquid lens.
56
The spreading of crude oils on water originates from the presence of polar surface-active 57 components [11] which produce an initial spreading coefficient that is positive [9, 14] . By 58 considering the polar (p) and dispersion (d) contributions to surface and interfacial tensions, 59 Takamura et al. derived eq. 2 for the spreading coefficient [15] , from which the importance of 60 the polarity of the oil phase is more evident from the middle term on the right-hand side of this 
Composition of Crude Oil Interfacial Films

95
The accumulation of surface-active materials at aqueous crude oil interfaces has interested 96 researchers for many years, primarily in an attempt to understand the formation and stability
97
of water-in-oil emulsions [18] . The interfacial films formed under these conditions are
98
produced by different species present in the bulk oil diffusing to the water/oil interface. With 99 time, larger molecules and solid particles are incorporated into the interface which 100 consequently becomes increasingly more viscous [19, 20] .
101
The chemical composition of crude oils and natural bitumen includes larger hydrocarbon 102 molecules, together with high concentrations of polar species. The polar fractions contain 103 heteroatoms (predominantly sulfur, nitrogen, and oxygen) and heavy metals (primarily 104 vanadium and nickel, and to a lesser extent iron and copper) [19] . In a hydrocarbon the film, which is assumed to be thin enough to be non-absorbing (kf = 0). The refractive index 176 of air, n0, is taken to be 1.000.
177
In this study, a Plasmos SD2000 rotating analyzer ellipsometer with a HeNe laser (wavelength 178 = 632.8 nm) and 20 m microspot optics was used to determine the ellipsometric parameters 179  and . The system software then calculates the surface film thickness based on the above- 
191
The central light circular area is the formed precursor film. prepared from successive withdrawals from a single surface film.
217
The silicon wafer-supported films were imaged with an Olympus DXS500 Opto-Digital 3D 218 microscope prior to AFM imaging. Polarized light microscopy was primarily used because of 219 the strong color response in the presence of thin films [30, 31] . The films were then imaged 220 using a Bruker diInnova atomic force microscope in tapping mode (256 lines and a scan rate 221 of 4 Hz). The images were post-processed using Bruker NanoScope Analysis 1.5 software. were acquired and processed using the manufacturer's software. 
High-resolution mass spectrometry (HRMS)
247
High resolution mass spectra of isolated precursor films were generated using a Thermo water droplets or small clay particles, both of which may be present in extracted heavy oils.
269
The region designated as 'i' is closely associated with a "ridge" formed by overlapping two 270 film layers, whereas region 'ii' contains a thicker built-up film. AFM images from these two 271 regions are shown in Fig. 4 leading to non-uniformity of the film structure as will be discussed below. 
325
To the best of the authors' knowledge, the thickness development of such films according to 
Surface tension (and film pressure) measurements
350
As found for the ellipsometric film thicknesses, different regions can also be distinguished in 351 the precursor film pressure profiles for the aqueous subphases shown in Fig. 6 . In this case, the 352 data can be fitted using eq. 5, which contains two sets of weighted exponentials comprising rate constants (r) and film pressure components (). As for the ellipsometric profiles above, ti 354 represents the time taken for the film to reach the point of measurement.
356 behavior. In reality, however, several stages may actually be involved which appear to fall 383 conveniently within our "fast" and "slow" stages. 
Spreading coefficients of diluted bitumen on water 386
As a comparison with the foregoing, surface and interfacial tensions for bitumen diluted with 387 toluene were measured and are summarized in Table 3 together with calculated spreading 388 coefficients based on eq. 1. From these data, the spreading coefficient for the whole oil can be water surface, albeit substantially inhibited by the high viscosity as discussed above. infrared spectra of crude oil and its components only provide limited structural information, they are similar to those reported elsewhere [39] . From Fig. 8(a) and weaker bands around 900 cm -1 are also observed in the other spectra to varying degrees
439
( Fig. 8(a) ) and have been attributed to C-H out-of-plane bending vibrations [40] .
440
The appearance of the above features in the precursor film spectrum is not surprising, as they corresponding to the indicated pairs of ions in Fig. 9(a) . The negative ToF-SIMS spectra 468 contain oxygen-, carbon-and sulfur-based ions, examples of which are included in Fig. 9(b) . 
High Resolution Mass Spectrometry (HRMS)
478
HRMS is a highly effective method for the detection and identification of polar compounds and consistent with the infrared spectrum ( Fig. 8(a) ), constitute the major 
501
Generally, it is seen that hetero-species present in the original bitumen are also found in the 502 precursor film albeit to different extents. Thus, it is evident from the comparisons given in Fig.   503 10 that nitrogen species are generally depleted in the precursor film, which is also consistent 504 with asphaltenes also being largely absent from the precursor film, whereas oxygen and 505 oxygen/sulfur classes are generally more abundant. In Fig. 12(a) , the O2 class species, as identified in the (-)ESI analysis, are seen to be relatively 521 equally distributed in the bulk bitumen and precursor film. As mentioned above, these may be 522 largely expected to be carboxylic acids, with the (-)ESI analysis identifying species with 1 < 523 DBE < 6 and carbon numbers C10 -C32 in both the bitumen and precursor film, indicating the 524 efficient general transfer of species in this class from the bitumen to the spreading film. The 525 results in Fig. 12(a) suggest that O2 species in the precursor film may be centered on slightly 526 lower DBE and carbon number, possibly signifying more fatty acid components (DBE = 1).
527
The presence of acid species in the precursor film is consistent with their surface activity and 528 slight water solubility, these features being responsible for the accumulation of naphthenic 529 acids in wastewater generated, for example, during oil sands processing [45] . On the other 530 hand, in the (+)ESI analysis, other O2 species (e.g., esters) were found to be enriched in the 531 film. However, contributions from this class in the original bitumen were <0.5%, and therefore 532 below the reporting level in this study, whereas much higher concentrations were detected in 
540
An observation based on the data in Fig. 10 is that the more oxidized oxygen and oxygen/sulfur 
559
Other species distributions are provided as Supplementary Material (Figs. S1-S4) showing O1, 560 O1S1, O3S1, O4S1, O3 and O4 class distributions. The most abundant species in the O3S1 and 561 O4S1 classes have 1 < DBE < 8 and carbon numbers C15 -C32. O1S1 species (possibly 562 sulfoxides) in the parent oil and the precursor film have similar unsaturation levels, while those 563 in the precursor film have longer or more side chains, which increases the carbon number.
564
Our reason for describing the composition of certain species classes is to emphasize the 565 complexity of bitumen and the derived films, which should never be underestimated. To provide a degree of perspective, Qian et al. [46] identified some 3000 individual species in a 567 South American heavy oil with carbon numbers C15 -C55 contained in alicyclic and aromatic 568 ring structures within the O2, O3, O4, O2S1, O3S1 and O4S1 classes alone. However, the 569 results presented herein provide a comparative guide to components present in the precursor 570 film, which will be considered further below.
572
Discussion
573
In the early 1940s, Zisman [12] showed that the spreading of mineral oils over a water surface and extend their analysis in both physical and chemical respects.
584
Precursor film formation at bitumen/water/air interfaces is clearly seen using ellipsometric these parallel the film pressure measurements which, for deionized water, reach 12-14 mN/m a bitumen drop will not spread in the absence of surface-active components; the spreading 614 coefficient (eq. 1) will be small, of the order of the value for toluene given in Table 3 .
615
Additionally, the high viscosity confers resistance to bulk oil flow. precursor film formation, as well as attaching additional significance to this phenomenon.
624
Thus, upon contacting a water surface, surface-active molecules in the bitumen will begin to 625 adsorb at the bitumen/water interface, as depicted in Fig. 14(a) . As this process continues, so coalescence to occur at the air/water surface. This is the situation shown in Fig. 14(c) .
633
Therefore, since bulk bitumen flow will be constrained by its high viscosity, the surface-active 634 components making up the bitumen/water interfacial layer are probably responsible for the 635 precursor film observed in Fig. 3 at the air/water surface. As the supply of surface-active 636 components from the bitumen/water interface is depleted, the film spreading rate will decrease. 
642
This model also suggests that the interfacial material accumulating at bitumen/water interfaces 
679
The complex composition and diversity of the crude oil components present in the precursor 680 film is evident from the summary given in Fig. 10 be a consequence of films spread by mechanisms discussed in the present paper.
Conclusions
726
The present study set out to report on the physical and chemical properties of so-called 
